Individual adjustment of frequency-to-electrode assignment in cochlear implants may 2 potentially improve speech perception outcomes. Twelve adult cochlear implant (CI) 3 users were recruited for an experiment, in which frequency maps were adjusted using 4 insertion angles estimated from post-operative X-rays; results were analyzed for ten 5 participants with good quality X-rays. The allocations were a mapping to the 6 Greenwood function, a compressed map limited to the area containing spiral ganglion 7 cells (SG), a reduced frequency range map (RFR) and participants' clinical maps. A 8 trial period of at least six weeks was given for the clinical, Greenwood and SG maps 9 although participants could return to their clinical map if they wished. Performance 10 with the Greenwood map was poor for both sentence and vowel perception and 11 correlated with insertion angle; performance with the SG map was poorer than for the 12 clinical map. The RFR map was significantly better than the clinical map for three 13 participants, for sentence perception, but worse for three others. 
I INTRODUCTION 1
Although cochlear implant users can achieve high levels of speech perception in quiet, 2 a factor limiting performance in more demanding listening situations is pitch 3 perception, which is generally poorer for cochlear implant (CI) users than for normal-4 hearing listeners (Gfeller et al., 2007) . One parameter that can be adjusted for 5 individual device users is the allocation of frequencies to electrodes, including the 6 frequency range used across the electrode array as a whole and individual electrode 7 channels. The question arises as to whether this is desirable and likely to bring about 8 improvements in performance. Potentially helpful adjustments could attempt to 9 normalize pitch (to equate with normal hearing as far as possible), or to optimize the 10 frequency regions which contribute most to speech intelligibility, or to compensate for 11 neural survival or spread of electrical excitation in different regions. The purpose of 12 the current study is to investigate adjustment of frequency-to-electrode allocation 13 using different methods, including two based on insertion angle measurements from 14 plain X-rays, to see if these produce improvements in performance. 15 
16
A logical basis for optimizing frequency-to-electrode assignment is based on the 17 finding that different frequency regions contribute to speech intelligibility to different 18 degrees. The Speech Intelligibility Index or SII (ANSI, 1997) gives the relative 19 significance of third-octave frequency bands for speech intelligibility. Each third 20 octave band has an associated band importance value, which can be multiplied by an 21 audibility value for the same third octave to predict speech intelligibility for a given 22 speech signal or hearing loss. According to the SII model, third octave bands with 23 center frequencies between 160 and 8000 Hz all contribute to speech intelligibility, 24 suggesting that an optimal frequency map will include these frequencies, although the 25 most important third octave bands are those with center frequencies of 1.6, 2 and 2.5 1 kHz. A study with normal-hearing participants listening to cochlear implant 2 simulations found that the peak in the relative band importance function was 3 approximately half an octave lower for cochlear implant simulations than for 4 unprocessed speech (Whitmal and DeRoy, 2012) . This suggests that for CI users, 5 lower frequency sounds are relatively more important for speech intelligibility than 6 higher frequency sounds, when compared to normal-hearing listeners. In a frequency 7 allocation study with Nucleus cochlear implant users, Fourakis et al. (2007) suggested 8 that the relative contribution of different frequency regions should be considered. 9 They found that increasing the number of electrodes allocated to frequencies between 10 1100 and 3000 Hz could improve speech perception, possibly because the resolution 11 of important speech frequencies in that range was improved. 12 
13
Studies of frequency allocation in CI users have found that presenting a wide 14 frequency range to the CI recipient does not always produce the best speech 15 perception outcomes (Başkent and Shannon, 2005 , Goupell et al., 2008 , Fu and 16 Shannon, 1999a ). Başkent and Shannon (2005) conducted a frequency mapping study 17 with MED-EL C40+ cochlear implant users and simulated different insertion depths. 18 They found that, for simulated insertions between 20 and 25 mm, a reduced frequency 19 range map with less spectral distortion resulted in better speech recognition. 20 Similarly, Fu and Shannon (1999a) adjusted the frequency range available to 21 participants in an experiment with Nucleus 22 CI users. When basal electrodes were 22 selected, the frequency allocation which gave optimal performance had a lowest 23 corner frequency of 753 Hz. Goupell et al. (2008) , conversely, reduced the upper 24 frequency boundary in a study of frequency allocation. They found that reducing the 25 upper boundary from 8.5 to 4.9 kHz improved perception for one CI recipient and 1 overall this map appeared to be a slightly better map than the default map. These 2 studies suggest that presenting the whole speech frequency range may not be the most 3 important consideration, when determining the ideal frequency allocation for a CI 4 recipient. 5
6
A different basis for frequency allocation is suggested by Başkent and Shannon 7 (2005) , who reported that speech recognition is optimized when frequency 8 information is presented to the normal acoustic tonotopic cochlear location, both for 9 cochlear implant users and normal hearing subjects listening to vocoded speech. The 10
Greenwood function (Greenwood, 1990) Cohen's method to determine the site of the round window but found the insertion 8 angle of the electrodes from a reference 0° line, which was drawn between the 9 estimated position of the round window and the center of the first turn of the spiral 10 made by the electrode array, rather than by comparison with a template as in Cohen's 11 method. 12 
13
Calculation of the Greenwood function requires knowledge of the length of the basilar 14 membrane, or distance as a proportion of basilar length but this cannot be visualized 15 on a post-operative X-ray. There is a considerable amount of variability in the size of 16 the cochlea between individuals, especially in the length of the organ of Corti 17 (Ulehlova et al., 1987) . There is less variability in the number of turns and hence a 18 calculation based on an estimation of the electrode position relative to the proportion 19 of basilar length may be more suitable, although this gives a slightly different result 20 from expressing the function in millimeters. In the study by Dorman et al. (2007) the 21 recipient had a CT scan performed post-operatively and this enabled the Greenwood 22 function to be expressed in millimeters, the value of 'a' in the function to be 23 calculated and the individual electrode positions to be ascertained. If the Greenwood 24 function had been expressed as a proportion of cochlear length, with 'a' as 2.1 as 25 suggested in Greenwood (1990) , higher values for the characteristic frequencies 1 corresponding to individual electrodes would have been obtained, with the difference 2 being in excess of half an octave for some electrodes. 3 4 Even if the frequency-to-place map is determined accurately for individual cochleae, 5 it is still possible that a matched frequency-to-place map may not represent the ideal 6 frequency allocation for individual CI users: implants differ in insertion depths 7 (Radeloff et al., 2008) and if the insertion depth is shallow, some compression is 8 preferable over matching to the tonotopic frequencies (Başkent and Shannon, 2005) ; 9 pitch sensitivity may be non-uniform along the length of the electrode array, (Nelson 10 et al., 1995; Gani et al., 2007; Boyd, 2011) which would result in non-uniform 11 spacing of consecutive center frequencies of the map; fitting a matched map in such 12 cases is likely to be difficult and as yet there is little evidence to suggest that it would 13 be helpful. A further issue is that pitch sensitivity may be reduced towards the apex, 14
suggesting that important speech frequencies should be mapped away from this area, 15 at least for some CI recipients. hearing participants listening to CI simulations and in CI recipients. Svirsky et al. 2 (2004) found that for three post-lingually deafened adults, acclimatization for vowels 3 had occurred after one day, one month and three months post activation respectively, 4 but for a pre-lingually deafened adult, up to 24 months was needed for acclimatization 5 to occur. Sagi et al. (2010) reported that some acclimatization occurred following a 6 severe basal spectral shift, for three CI users who were exposed to a shifted map for 7 three months; two could shift their internal representations to the new sound within 8 one week but one had not completely shifted their representation after three months. 9 10 In summary, it is possible that a frequency allocation matched to the CI recipient's 11 internal frequency map, or one adjusted to make best use of remaining spiral ganglion 12 cells, may offer better speech perception than a default map, which maps the speech 13 frequency range (100 -8500 Hz) to the available electrodes. least 80% correct on the BKB sentence test (Bench et al., 1979) in quiet, at the start of 17 the study. All had cochleostomy insertions with the exception of P2, who had a round 18 window insertion. Participants' details are shown in TABLE I.  19   TABLE I here  20   21 Ethical approval for the study was obtained from the NHS National Research Ethics 22
Service (reference 11/SC/0291). Cochlear implant recipients whose X-rays were 23 analyzed consented for their pooled anonymized data to be published. Those who 24 participated in the experiment gave written informed consent. 25 1
B

Radiological assessment 2
A method of estimation of electrode insertion angle from post-operative X-rays was 3 first developed and validated. These are routinely collected and involve minimal 4 radiation exposure. An experienced consultant radiologist reviewed X-rays for CI 5 recipients with MED-EL devices, which had been implanted locally, and confirmed 6 that these were of sufficient quality for individual electrodes to be identified in the 7 majority of cases. Five X-rays were selected for analysis with good resolution and 8 appropriate projection angles. One was a round window insertion; four implants had 9 been inserted via a separate cochleostomy. In these cases the radiologist identified 10 the position of the round window from the morphology; in some cases it was possible 11 to identify the position of the superior semicircular canal and the vestibule, and it was 12
found that a line joining these two points cut the electrode array at the position of the The data in figure 1 shows that the angles between electrodes were relatively constant 7 in both turns but were larger in the middle turn, as expected (electrodes 1 to 4, 8 typically) and the results for this study were very similar to the angles for the 9 participant in Dorman et al. (2007) . The most basal electrode was frequently close to 10 the round window and had a very small insertion angle (approximately 1% of the total 11 insertion angle). 12 
13
For the participants in the experiment, only the angle between the most basal and 14 most apical electrode was measured. The angles of the intermediate electrodes were 15 assumed to be at the same proportions of the total insertion angle as for the reviewed 16 X-rays. For fully inserted arrays, the angle between the round window and the most 17 basal electrode was assumed to be at 1.1% of the total insertion angle, which was the 18 mean value for this angle in the earlier review. For three electrode arrays which were 1 reported as partially inserted by the surgeon, information about the insertion from the 2 surgeon's intra-operative report was used to estimate the angle between the most basal 3 electrode and the round window. Details can be found in TABLE II.  4   TABLE II here.  5   6 Of the 12 CI recipients who were recruited, ten had X-rays which were of sufficient 7 quality to allow all the electrodes and the position of the round window to be 8 identified by the consultant radiologist, who had performed the X-ray review. In 9 these cases, the difference between the estimated angle between the round window 10 and the most basal electrode, and the angle determined by the consultant radiologist, 11 was small (mean absolute error = 6.1°, range 1-18°). The estimated insertion angle 12 was used to calculate the frequency maps used in the experiment and was also 13 included in the data analysis. In the case of the two participants with poor quality X-14 rays (P1 bilateral and P4 unilateral), both the clinical scientist and the radiologist had 15 difficulty visualizing some electrodes for these participants. Their data were excluded 16 from the data analysis. 17 18 Figure 2 Post-operative X-ray for P3: all electrodes were visualized 19 20
C
Frequency allocations 1
Four different maps with different frequency allocations were tested during the 2 experiment. One of these was the participant's everyday clinical map, usually the 3 default map, which was presented as a new map and trialed for at least six weeks so as 4 to reduce bias based on the idea that a new map would be better. The relationship 5 between electrode number and lower frequency boundary, for the default map, is a 6 fourth order polynomial function, which allocates a larger proportion of the frequency 7 range to the apical electrodes than the basal electrodes, consistent with a more rapid 8 decrease in pitch in the middle turn, as indicated by the spiral ganglion frequency-9 matched map (Stakhovskaya et al., 2007) . The three alternative maps were a mapping 10 to the Greenwood function, using the function expressed as a proportion of cochlear 11 length (a=2.1; A=165.4; k=0.88) and data from table two of Kawano et al. (1996) for whom the polynomial default frequency map may be inappropriate, and the 5
Greenwood map would result in truncation of the frequency range. It was also 6
anticipated that the SG map may be helpful for those for whom pitch sensitivity is 7 poor for apical electrodes and for CI recipients for whom a frequency-matched map 8 lies significantly below the Greenwood function. The final alternative map was a 9 reduced frequency range ('RFR') map, with logarithmic frequency spacing of center 10 frequencies: range 178 to 5612 Hz, using all available electrodes. The map attempted 11 to enhance resolution for the most important speech frequencies, whilst reducing the 12 frequency range mapped to the apical electrodes, which may have less pitch 13 sensitivity. The frequency range offered for the three alternative maps did not exceed 14 the default frequency range (100 -8500 Hz). The clinical map had the default shape 15 in all cases: it used the default range of 100 -8500 Hz in nine cases and 70 -8500 Hz 16 in one case (P8). The center frequencies (Hz) of individual channels for the study 17 maps for participants P10 (shallowest insertion) and P8 (deepest insertion) are shown 18 in TABLE III.  19   TABLE III here  20   21 The frequency range varied for the Greenwood and SG maps between participants as 22 these maps were in fixed locations and the frequency range therefore depended on the 23 insertion angle of the most apical electrode. Participants with deeper insertions had 24 access to a larger frequency range than those with shallow insertions for the 25 Greenwood map (see table 3). Participants had one or two basal electrodes 1 deactivated for the Greenwood and SG maps as the frequencies calculated for the 2 most basal electrodes were beyond the permitted frequency range; similarly 3 participants had one or two apical electrodes deactivated for the SG map but never 4 more than three electrodes deactivated in total. The mean number of electrodes was 5 11.5 for the clinical and RFR maps (range 10-12); 9.5 for the SG map (range 9-10) 6 and 9.7 for the Greenwood map (range 9-10). Deactivation of electrodes produced 7 increases in the rate of stimulation for the remaining active electrodes, especially with 8 the FSP strategy. Additionally the number of 'fine structure channels' (apical 9 electrode channels in which pulse rate is not fixed but is tied to changes in frequency), 10 was increased in six cases with the SG map and in one case with the Greenwood map 11 and the RFR map; it was reduced in seven cases with the Greenwood map and two 12 cases with the RFR map; for the participants with the FS4 and FS4-p strategies (in 13 which the number of fine structure channels is usually four), the Greenwood map 14 resulted in a reduction in the number of fine structure channels. Test Battery (van Besouw and  2 Grasmeder, 2011). The pitch test is a three interval, three alternative forced choice 3 test. The participant is asked to identify the odd note out when three notes, each of 4 one second duration, are presented consecutively, separated by a short gap, in random 5
order. The original test runs adaptively, using a 'two-down, one-up' procedure, which 6 converges on 71% correct, but for this study it was re-configured for the method of 7 constant stimuli. Eight trials were run for each pair of electrodes, and the electrode 8 pairs were tested in a pseudo-randomized order. Stimuli were pure tones of 1125 and 9 1500 Hz: in each case only the two electrodes being tested were activated in the 10 participant's map, and the frequency boundaries were adjusted so that these 11 frequencies represented the center of each filter. The strategy was adjusted to high 12 definition Continuous Interleaved Sampling (HD-CIS) and each pair of electrodes was 13 loudness balanced at 90% of the dynamic range prior to the test; during the test the 14 full dynamic range was used. Tones were presented via circumaural headphones, 15 Sennheiser HD570, worn over the processor. The reference tone was calibrated to 60 16 dB(A) and the comparison tone was calibrated to the equivalent level within the 17 processor ± 1 dB, taking account of the microphone frequency response and the 18 processor's frequency shaping filter. Additionally, intensity level was roved by ± 3 19 dB. 20 
21
III RESULTS 22
Statistical analysis was performed using repeated measures ANOVA and ANCOVA 23 where results were normally distributed and Mauchly's test of sphericity gave a non-24 significant result; Pearson's correlation coefficient was used for correlations between 25 variables which were normally distributed. Where the Shapiro-Wilk showed that data 1 were not normally distributed, Friedman's test and Wilcoxon's signed rank test were 2 used. The effect size has been reported as 'r' for this test. The effect size was 3 calculated from the F-ratio for within-subjects contrasts for post-hoc tests following 4
ANCOVA. 5 6
Reported map use from the map quality questionnaire is shown in figure 3 for the 7 clinical, SG and Greenwood maps. The map quality questionnaire was not completed 8 for the RFR map as this map was tested acutely during the last session only. 9
Friedman's test confirmed that there was a significant effect of frequency allocation 10 on the reported amount of use [chi-squared (2) value. Individual data points are indicated by small circles. 17 1 BKB sentence scores for the clinical, SG and RFR maps were found to be normally 2 distributed but results for the Greenwood map were not normally distributed as there 3 was a floor effect for this map, both before and after acclimatization. In view of this, 4 the BKB sentence data were transformed using a rationalized arcsine unit (RAU) 5 transform (Studebaker, 1985) . Following this, data were normally distributed for all 6 maps. Individual BKB sentence scores when compared to the clinical map. 8
The signal to noise ratio (SNR) used in each test is shown in brackets below the 9 estimated insertion angle. The present study supports the idea that speech perception by CI users is sensitive to 2 changes of frequency allocation and therefore there is a need to optimize the 3 frequency allocation in order to optimize performance. However, maps with 4 frequency allocations based on the Greenwood function led to markedly reduced 5
performance. This suggests that it does not represent the typical frequency-to-place 6 map for CI users, or that the participants in this experiment had acclimatized to their 7 clinical map and would have required a longer period of exposure to the map in order 8 to acclimatize to it. Alternatively, the Greenwood function may not represent the 9 optimal frequency mapping for CI users for other reasons. Of the three alternative 10 maps, the Greenwood map had the greatest frequency shift from participants' clinical 11 maps. For those with shallow insertions, there was an additional issue of a significant 12 loss of frequency range. An interesting finding was that performance was predicted 13 by the insertion angle for both the sentence and vowel tests with this map; those with 14 deeper insertions (and therefore less frequency shift) performed better than those with 15 shallow insertions. This frequency allocation also resulted in a reduction in the 16 number of active electrodes, a reduction in the number of fine structure channels for 17 the majority of participants and an increase in the stimulation rate. All of these 18 factors may have contributed to the poor performance with this map, although the loss 19 of electrodes was no greater for this map than for the SG map, for which performance 20 was significantly better. A study by Riss et al. (2011) suggests that the fine structure 21 cues have a limited effect on speech perception. 22
23
The SG map yielded poorer performance than the clinical map for the group, for 24 vowel and sentence perception. However, the two participants with the shallowest 25 insertions (P5 and P10), chose to continue with the SG map at the end of study, as 1 they preferred its sound quality over that of the clinical map, whilst having similar 2 performance with both maps. For these two participants the frequency shift from the 3 clinical map was minimal and hence the main difference between the default and SG 4 maps was in the relative widths of the frequency bands. The SG map has logarithmic 5 frequency spacing whereas the default map is a fourth order polynomial function, 6 which includes more low frequencies than the SG map for these two participants. A 7 further difference was that the most basal electrode was deactivated in the SG map. test (P2, P9 and P12) with this map, using critical differences for this test, published 23
by Martin (1997) . If the improvement was due to an improvement in the resolution of 24 important speech sounds, it is uncertain why the benefit was only received by a 25 minority of participants. Another possible explanation is that the reduction in 1 frequency range assigned to the apical electrodes might have been more important for 2 some participants than others. The reduction in frequency range was most marked for 3 electrodes one and two. Electrode discrimination was found to be poor for some 4 participants at the apical end of the array ( figure 8 ). It may be that the reduced frequency range allocated to the apical electrodes in the 8 RFR map was important in these cases, consistent with the findings of (Gani et al., 9 2007) who showed improved speech perception when apical electrodes were 10 deactivated, in cases with deep insertions and pitch confusions at the apical end. The 11 frequencies assigned to the most apical electrodes in the default map are of limited 12 importance for speech intelligibility but are still present in speech-shaped noise. 13 Another possibility is that slightly higher frequency sounds which are important for 14 speech perception (e.g. 400 -800 Hz) had been shifted in the basal direction to an 15 area of the cochlea with better discrimination ability. These frequencies were 16 assigned to electrodes three to six in the RFR map, compared to electrodes three to 1 five in the clinical map, for those with twelve active electrodes. The majority of 2 frequencies between 400 and 500 Hz were allocated to electrode three in the clinical 3 map, compared to electrode four in the RFR map. However, the same frequencies 4 were allocated to electrode five in the SG map, for which there was no improvement 5 over the clinical map. The main difference between the SG map and the RFR map is 6 that the SG map compresses the speech frequency range (100-8500 Hz) into nine or 7 ten electrodes, whilst the RFR map allocates the most important speech frequencies 8 (178-5612 Hz) to all available electrodes. Activation of the SG map resulted in 9 deactivation of one apical electrode for participants P2 and P9, and a reduction in the 10 frequency range assigned to the first active electrode for P2, P9 and P12. This is not 11 dissimilar to the reduction in frequency range assigned to the apical electrodes for the 12 RFR map for these participants. However, the compression and pitch shift associated 13 with the SG map was less advantageous for these three CI recipients than the RFR 14 map, which used all available electrodes. 15
16
The two participants who obtained most benefit from the RFR map both had deep 17 insertions (682 and 642°); the third had a moderately deep insertion (568°). 18
Conversely, the three participants who performed worse with this map all had shallow 19 insertions (<500°). A possibility which may account for the difference in 20 performance with this map between participants is that the basal shift associated with 21 the map change may have been tolerated better by those with deep insertions, than 22 those with shallow insertions. 23 24 Interestingly, whilst the RFR map offered better performance than the Greenwood 1 map for sentence perception over the whole group, there was no statistically 2 significant difference between those two maps for vowel perception. This may be due 3 to the gender of the speaker, as the sentence test used a male speaker, with formants in 4 a lower frequency range than the female speaker in the vowel test. Alternatively, the 5 difference may be due to the fact that the sentence test was performed in noise whilst 6 the vowel test was performed in quiet. 7 8 The mixed results with the RFR map suggests that further work in this area would be 9 beneficial, and that frequency allocation may need to be determined on an individual 10 basis in order for the optimal frequency map to be obtained. 
